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VISCOSITY STUDIES OF SYSTEM
CaO-MgO-Al2 3-Si02 : 1, 40% Si02 *
By J. S. Machin and D. L. Hanna
ABSTRACT
The measurement of glass viscosities at elevated temperatures with an oscillating
cylinder-type viscometer is described. Viscosity data are presented covering those com-
positions in the CaO-MgO-ALOs-SiCX system which contain 40% Si0 2 and which are
liquid at 1500°C. The pattern of the system of isokoms presented indicates that viscosity
is closely related to the ratio of basic to acidic components. Theoretical aspects of the
variation of viscosity with composition in silicate-aluminate systems are discussed in
terms of silica-alumina polymers.
I. INTRODUCTION
THE interest in high-temperature vis-
cosity data is attested by the num-
ber of workers who, despite the experi-
mental difficulties which beset such in-
vestigations, have made measurements of
viscosities of slags and glasses. The sever-
ity of the conditions, particularly the high
temperatures, and the corrosive character
of many of the most important types of
slags have resulted in many concessions in
apparatus design, and, as a result, the
reliability of the data may, in some in-
stances, be questioned on theoretical as
well as on practical grounds. For instance,
although it is well known that the viscos-
ity function is extremely sensitive to
temperature changes, the high-frequency
induction furnace has been used for slag
viscosity studies. This type of furnace is
difficult to control within narrow limits
of temperature. Temperatures of 1600°C.
and even much higher are easily obtained
with it. These high temperatures, al-
though desirable because many metal-
lurgical operations involving slags employ
them, rule out the use of platinum for
viscometer parts. They also drive the ex-
perimenter to the use of optical or radi-
ation pyrometers for temperature meas-
urement and control. The records of
optical pyrometers are affected by layers
of heated gases in the space intervening
between the surface whose temperature is
*These viscosity studies grew out of mineral wool studies
made in this laboratory and reported in two papers as
follows: (a) J. E. Lamar, H. B. Willman, C. F. Fryling,
and W. H. Voskuil, "Rock Wool from Illinois Mineral
Resources," Illinois Geol. Survey Bull., No. 61, 262 pp.
(1934); (b) J. S. Machin and J. F. Vanecek, "Effect of
Fluorspar on Silicate Melts with Special Reference to
Mineral Wool," Illinois State Geol. Survey Rept. Investiga-
tions, No. 68, 15 pp. (1940); Ceram. Abs. 22 [11] 192
(1943).
being measured and the sensitive element
if the temperatures of gas and surface are
different. It seems probable that the
radiation type would also record a tem-
perature intermediate between that of the
gas and of the surface. 1 It is doubtful
whether the use of emissivity and other
corrections can compensate for all of the
factors affecting the readings of such
pyrometers sufficiently well to meet the
problem posed by the sensitivity of
viscosity to temperature change.
The use of graphite as a material for
viscometer parts has been questioned be-
cause it is not wet by molten slags and
glasses. McCaffery2 used a Margules-type
viscometer modified by employment of a
square spindle. He states that this spindle
removed most of the objections inherent
in the cylindrical spindle. He did not,
however, present any theoretical or prac-
tical justification for the use of a square
spindle; at least, he made no mention of
calibration against any liquid other than
castor oil. It would appear to be de-
sirable to calibrate against liquids with a
considerable range of viscosities when us-
ing such a spindle.
The present studies undertake to
measure the viscosity of that portion of
the lime-magnesia-alumina-silica system
which is liquid at temperatures of 1500°C.
and lower, in the hope that the advan-
tage gained in precision through the use
of platinum-alloy viscometer parts and
!H. F. Mulliken and W. J. Osborn, "Accuracy Tests of
High-Velocity Thermocouple," p. 817 from chapter 9 of
General Engineering, in Temperature, Its Measurement
and Control in Science and Industry. Reinhold Publish-
ing Corp., 330 West 42nd St., New York, 1941. 1362 pp.
2R. S. McCaffery and co-workers, "Determination of
Viscosity of Blast-Furnace Slags, II," Amer. Inst. Mining
Met. Engr. Tech. Pub., No. 383, pp. 27-54 (1931); Ceram.
Abs., 10 [3] 227 (1931).
[5]
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VISCOSITY STUDIES
thermocouples may partly compensate
for the shortened range. In this report,
only compositions which contain 40%
Si0 2 are considered. The field will be ex-
tended in a later report.
II. THE APPARATUS
The viscometer built for the present
studies was intended to be usable over the
range of temperatures in which platinum
viscometer parts and platinum-platinum-
10% rhodium thermocouples may be ex-
pected to have a reasonable life. No
measurements were attempted above
1500°C. although occasionaly the tem-
peratures were increased to as much as
1550°C. to facilitate melting the charge.
The apparatus was similar to that de-
signed by Nicholls and Reid3 for use in the
laboratories of the U. S. Bureau of Mines.
It is of the oscillating or torsion pendulum
type. Minor modifications in the lengths
of the torsion wires and more convenient
means for setting the vibrating system in
motion have been incorporated in the
apparatus used in the present study.
A shield has been added, which pro-
tects the mirror and inertia weight as-
sembly from air currents. It was found
that this improved the stability charac-
teristics of the oscillating system.
The theory of the oscillating-type vis-
cometer has been discussed at length by
Rait,4 Dantuma5 and various others. The
theory is not discussed here except in so
far as is necessary to clarify certain points
in the discussion of the calibration and
the measurements.
The furnace (Fig. 1) is similar to that
described by Nicholls and Reid.3 A differ-
ent method, however, was used to control
the temperature. The voltage applied to
the Globar tubular resistor was varied
continuously rather than stepwise by
means of a modified conventional-type
potentiometer controller combined with a
saturable reactor and a commercial elec-
tronic control panel described by the
maker as a "thyratron reactrol heating
control panel." This instrument is very
flexible in its operation.
A Leeds and Northrup type K potentio-
meter and a platinum-platinum-10%
rhodium thermocouple was used to de-
termine the temperature of the melt. The
location of this thermocouple is indicated
in Fig. 1. The thermocouple was kept in
contact with the bottom of the platinum
crucible which held the melt. Figure 2
is a plot of variation of its e.m.f. readings
taken over a period approximating that
required to record data for a viscosity
measurement. The temperature gradient
from top to bottom in the melt was about
4°C, the bottom having the lower tem-
perature. The gradient was affected by
the position of the crucible relative to top
and bottom of the furnace.
III. PREPARATION OF SAMPLES
The materials used were Al(OH) 3
,
CaCOs, basic magnesium carbonate, and
silica, all minus 200-mesh. All were
analyzed, and account was taken of the
analysis in determining the amounts
weighed for the batches. The batch
quantities were weighed and mixed in a
tumbling jar for several hours. The mix-
ture was then pressed into cylindrical
briquettes, 1^8 in - in diameter, placed in
the viscosity crucible, and melted in an
electric muffle furnace. The crucible and
contents were then cooled and the vis-
cosity run made later.
For compositions containing consider-
able quantities of magnesia, a specially
prepared mixture of MgC0 3 and Si0 2 was
sintered, ground, and analyzed. Portions
of this sinter were used to make up the
batch. The reason for this was
,
of course,
the bulkiness of the unsintered MgC0 3
,
which made it impossible to get enough
batch in the crucible to produce the de-
sired quantity of glass.
Enough batch was used to produce
sufficient glass to stand approximately 1
in. deep in the crucible. This amount was
fixed on because experiment showed that
the center of the bob could be as much as
%o in. above or below the center of the
melt without causing serious error in the
measurements if the melt was 1 in. deep,
whereas the same amount of variation
in placement of the bob would cause
relatively large errors if the melt were
only % in. deep.
3P. Nicholls and W. T. Reid, "Viscosity of Coal-Ash
Slags," Trans. Amer. Soc. Mech. Engrs., 62 [2] 141-53
(1940); Ceratn. Abs. 19 [11] 255 (1940).
4J. R. Rait, "Viscosity of Slags and Glasses, I—III,"
Bull. Brit. Refrac. Research Assn., No. 50 (June, 1939);
reprinted in Trans. Brit. Ceram. Soc, 40 [5] 157-204; [6]
231-69 (1941); Ceram. Abs., 21 [1] 16 (1942).
6R. S. Dantuma, "Exact Determination of Coefficient
of Internal Friction of Fused Salts," Z. Anorg. Allgem.
Chem., 175, 1-42 (1928); Chem. Abs. 23 [3] 557 (1929).
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IV. CALIBRATION AND EVALUA-
TION OF INSTRUMENT
CONSTANTS
The motion of a mass oscillating as a
torsion pendulum on the end of a wire is
represented by equation (1).
d2a da
I + KV — + Da
dfi dt
0.
(1)
a = angular deflection at any time.
/ = time.
D = torque per unit angle of displacement which
tends to restore system to rest position.
/" = moment of inertia of system.
rj = viscosity of medium in which mass is oscillat-
ing.
K = constant, characterized by shape and di-
mensions of bob and crucible.
The solution of equation (1) may take
two forms, dependent on whether the
inertia, /, or the damping effect of the
medium dominates the motion; in other
words, depending on whether the oscillat-
ing system is less than or more than criti-
cally damped. Convenient working forms
of the solution corresponding to these
two sets of conditions are given in equa-
tions (2) and (3).
PI
EKir
lep
i +mr (2)
p is defined by p = , where ao and a\ are maximum
deflections on the same side of the rest position on
successive oscillations.
Loge p is called the logarithmic decrement.
D (fa - fa)
EK \ogeai/a2 (3)
Equation (3) is essentially that used by
Lillie6 for high viscosities.
a\ and at = angular displacements from rest posi-
tion.
E = correction factor to compensate for change in
dimensions of bob and crucible with temperature.
fa — fa = time required for spindle to rotate through
angle a\ — ai in returning toward rest position
after having been displaced.
D is dependent on the properties and
dimensions of the torsion wire and may be
determined from the period of oscillation
T, once I is known, through use of the re-
lation (equation (4)).
6 (c) H. R. Lillie, "Measurement of Viscosity by Use
of Concentric Cylinders," Jour. Amer. Ceram. Soc, 12
[8] 505-15 (1929).
(6) H. R. Lillie, "Viscosity Measurements in Glass,"
ibid., 12 [8] 516-29 (1929).
-^ (4)
The value of I> the moment of inertia
of the system, is readily determined, as
described by Lillie, 6 by using combina-
tions of carefully made supplementary
inertia weights, the moments of inertia of
which can be calculated from their di-
mensions and masses.
Equation (4) neglects the damping
effect of air. Allowance for this is made by
applying a correction to \ogep in equation
(2).
When D and / are known, the instru-
ment constant, K> may be evaluated
through calibration against a series of
liquids of known viscosity, using equa-
tions (2) and (3). The liquids used were
oils. The standards were standard vis-
cosity samples, obtained from the Na-
tional Bureau of Standards, and water.
These were used to calibrate modified
Ostwald-type viscometers, which were
then used to determine the viscosity of
the oils for calibrating the slag viscom-
eter. The temperature of the oils was
carefully controlled to +0.01°C. during
the calibration runs. Since the calibra-
tion was at low temperature while the
slag viscosity measurements were at high
temperature, it was necessary to apply a
correction for the change in dimensions of
the platinum parts with temperature.
This was done as follows:
The dimensions of the bob and crucible
were assumed to enter into the value of
K as a factor proportional to B, equation
(5).
R'fRlL
Rl — R\
= B (5)
Ri and Rz = radii of bob and crucible, respectively.
L = height of bob.
Using the coefficients of linear expan-
sion of platinum, values of B were calcu-
lated and the values of BT/B = E were
used as indicated in equations (2) and (3),
Bi and BT being the values at 0°C. and at
the temperature of measurement. An
element of uncertainty is introduced into
this correction by the fact that the bob
was constructed from an alloy of 80%
platinum and 20% rhodium. If the
coefficient of linear expansion for this
alloy is greatly different from that for
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Table 1.
—
Calculation of Viscosity
Melt No. 22-30 K = 10.81 logic p air = 0.00099 Ca0 35%--Al2O 3 25%-SiO 2 40%
VD7 loge p
°c. loge p (corr.) D /
V =
\/E
ektY
x
|
/logepy-p
logiov?
1500 0.43468 773.3 1788.8 0.955 1.43 X 10 1.155
1450 .65838 773.3 1788.8 .957 2.17 X 10 1.336
/1-/1
£i£ loge^i/^2l6ge(«i/«s)
1400 4.2266 93.17 .959 3.49 X 10 1.543
1350 7.7237 93.17 960 6.39 X 10 1.806
1300 15.474 93.17 .961 1.28 X 102 2.107
1250 34.100 93.17 .963 2.83 X 102 2.452
1200 11.784 773.3 .964 8.13 X 102 2.910
1150 38.114 773.3 .966 2.63 X 103 3.420
1100 164.41 773.3 .968 1.14 X 104 4.057
platinum, the values of E are in error by
a corresponding amount. It is, however,
improbable that this amounts to more
than a few percent of the total correction.
£i2oo°c. = 1.037 1.047
The graph of the values of E versus tem-
perature is nearly a straight line over this
range.
As a check on the calibration, viscosity
curves were run on a sample of glass
kindly furnished by H. R. Lillie. The
viscosity of this glass had been measured
in his laboratory. The curves obtained on
this glass with the apparatus used by the
writers agree with those obtained in
Lillie's laboratory, using apparatus of a
different design, within 5°C. for any given
viscosity.
V. MEASUREMENT OF VISCOSITY
The design of the apparatus with two
suspension wires results in four useful
ranges. Two of these, for which equation
(2) is used to calculate the viscosity, are
employed over the ranges of 1 to 7 poises
and 6 to 40 poises, respectively. The
method used for these ranges is commonly
referred to as the periodic decrement
method. The other two useful ranges
employ equation (3) for the calculation
of viscosity and have lower limits of
about 35 and 300 poises respectively.
There are no absolute upper limits. The
precision of measurement is fairly satis-
factory up to 106 poises and possibly
higher. The method has been called the
aperiodic method. All of the limits noted
are practical limits imposed by choice of
suspension wires and other factors and
are not the absolute limits imposed by
the mathematical and physical properties
of the system.
The method of making an observation
with the periodic decrement method is to
record a series of maximum deflections to
the right and to the left of the zero point
as the system oscillates. The ratio of any
maximum deflection to the next succeed-
ing deflection on the same side is the
basis for the determination of logcp. An
even number of maximum deflections is
averaged by means of the relation, equa-
tion (6).
p = {ai/a n)1/n (6)
tfi and an — initial and «th maximum deflections on
same side of zero point.
Several such series are recorded and
averaged. Any apparent drift in the value
of loge^> is usually caused by the growth
of crystals on the bob. The crystals have
been observed many times when the bob
was withdrawn from the melt and the
furnace power was shut off as soon as
drifts in the value of p were noted.
Loge^), used in equation (2), is a cor-
rected value obtained by determining the
value of log<?^> when the bob is oscillating
in air and subtracting this value from that
obtained when the bob is oscillating while
immersed in the molten glass.
Observations, when the aperiodic meth-
od is used, consist in timing the transit
between two values of the deflection,
ax and a 2 .
All values of a for both the periodic
decrement method and the aperiodic
method are expressed in angular units.
A special logarithm table arranged to con-
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Table 2.
—
Viscosity Data
Lime-Magnesia-Alumina-Silica System (SiO 2= 40%)
Melt
No.
Composition (wt. %) Viscosity (poises) at °C.
A12 3 CaO MgO 1500 1450 1400 1350 1300 1250
1-9 5 45 10 2.24
2-40 5 40 15 1.99 2.61
3-12 5 35 20 1.91 2.64
4-45 5 30 25 1.90
5-5 10 50 4.01 5.23 8.33
6-6 10 45 5 3.29 4.60 6.77 10.27
7-16 10 40 10 2.98 4.27 6.40 9.74
8-41 10 35 15 2.62 3.64 5.26 8.31
9-8 10 30 20 2.81 3.78 5.50 8.75
10-47 10 25 25 2.46
11-1 15 45 5.16 8.22 13.23 22.18 40.27 85.8
12-2 15 40 5 5.02 8.09 11.89 19.58 31.42 71.36
13-3 15 35 10 4.28 6.5 9.97 16.32 27.39
14-42 15 30 15 3.72 5.33 8.02 12.73 22.07 59.28
15-4 15 25 20 3.84 5.55 8.34
16-48 15 20 25 3.30
17-21 20 40 8.32 13.69 21.48 35.07 67.56 147.9
18-50 20 35 5 7.69 11.26 17.92 29.43 55.50 115.73
19-15 20 30 10 6.94 10.04 15.15 24.76 44.30 98.2
20-43 20 25 15 5.61 8.37 12.83 20.74 35.29 74.63
21-14 20 20 20 5.41 7.70 12.50
22-30 25 35 14.34 21.70 34.94 63.90 128.2 283
23-31 25 30 5 12.15 18.29 28.75 49.32 98.46 214.0
24-32 25 25 10 11.20 15.35 23.12 39.81 75.26 158.4
25-51 30 30 27.14 39.50 69.39 129.48
26-52 30 25 5 18.94 30.40 51.37 96.0
27-53 30 20 10 14.69 23.10 38.94 70.18
vert scale readings to logio a, where a is
the deflection in minutes of angle, is con-
venient.
To illustrate the precision with which
the data fit a smooth curve, the viscosity
values for composition No. 22-30 are
listed in Table I and plotted on Fig. 3.
In obtaining these data, three of the four
ranges of the viscometer were used.
VI. VISCOSITY DATA
The compositions for which viscosity
data are reported in this paper contain
lime 15 to 45, magnesia to 30, and alu-
mina 5 to 30%. The increments in all
cases were 5%, so that approximately
that portion of the compositional field
which is molten at 1500°C. was covered
at 5% intervals. The data are listed in
Table II.
By graphic interpolation from the data
of Table II, a table was built up (for each
temperature), that listed those composi-
tions for which the viscosity has constant
values. These tables were used to prepare
the triaxial diagrams of Fig. 4 {a), (b),
(V), and (d) y which show the variation of
viscosity with composition at constant
temperature.
The isokoms (lines of equal viscosity)
roughly parallel the lines along which the
acid-base ratios (moles Si0 2 + moles
AI2O3) divided by (moles CaO + moles
MgO) are constant. It is a noteworthy
fact that, when the logarithms of the
average viscosities along the lines of
constant acid-base ratio are plotted
against the acid-base ratios, the lines
drawn through the points corresponding
to various temperatures seem to converge
to a point where the acid-base ratio is
approximately 0.5 and the viscosity has a
very low value. Whether this holds for
compositions other than those considered
here must await further study.
The diagrams (Fig. 4) are comparable
with those presented by McCaffery,7 but
there are important differences as will be
seen when Fig. 4 {a) is compared with
McCaffery's diagram for the same tem-
perature and the same compositional
range. McCaffery shows lines indicating
7R. S. McCaffery and co-workers, "Determination of
Viscosity of Blast-Furnace Slags, I," Atner. Inst. Mining
Met. Engrs. Tech. Pub., No. 383, pp. 1-27 (1931).
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Fig. 5.—Logarithmic plot of viscosity versus R
(ratio of shared oxygen to unshared oxygen); vis-
cosities are estimated average values along constant
R lines.
viscosity values in regions where the
present writers were unable to melt the
samples at the temperatures in question.
This probably means that McCaffery's
samples, which were cooled from a higher
temperature, in such instances were super-
cooled as was also the case with many
samples in this study. In other instances,
it is suspected that disagreement between
these data and McCaffery's may be due
to the presence of crystals in his molten
samples. If crystals appear in quantity,
the composition of the liquid portion of
the sample may of course be far different
from that of the sample as a whole, and
the apparent viscosity observed would not
represent the viscosity of the sample but
that of the liquid portion modified to an
unknown degree by the effect of the sus-
pended crystals. Anorthite crystallizes
readily from melts in parts of the com-
positional region under consideration.
This removes Si0 2 and AL0 3 from the
melt out of proportion to the CaO re-
moved and would cause apparent reduc-
tion in the viscosity.
In the present studies, following a low-
ering of the temperature, changes in
viscosity were never observed through
more than a few minutes after the new
temperature became constant in any
melt in which there was no evidence of
the presence of crystals. In order to
detect any drift in the value of the vis-
cosity, three series of measurements were
made at each temperature.
The sensitivity of the apparatus to the
appearance of crystals is a fortunate cir-
cumstance in that it frequently prevents
the recording of misleading viscosity
values. When platinum alloy crucibles
and bobs are used with samples of the
compositions employed in this study,
crystals usually appear first either on the
bob or on the crucible wall. If they appear
on the bob, their presence is almost im-
mediately revealed as an apparent change
in the viscosity. It is probable that the
growth of crystals on the crucible wall
has a similar but less marked influence on
the motion of the bob.
VISCOSITY STUDIES 13
VII. A THEORY OF EFFECT OF
COMPOSITION ON VISCOSITY OF
MELTS CONTAINING Si0 2 AND
ALOa
Postulate: The most effective way to
cause increased viscosity at constant
temperature is to increase the number and
size of the large molecules or ions present
and vice versa.
Let it be assumed, that provided there
is enough basic oxide present to furnish
the required oxygen, silicon and alumi-
num can exist in the melt as Si0 44_ ions
and A10 4 ions. If the basic oxides
present are less than enough to furnish
this much oxygen, then instead of Si0 44~
and AlO*5-
,
polymeric ions such as the
following may be formed:
(O O \ 6- /
O—Si—O—Si—O I (
i "A / V
o
IO—Al-
I
O
o
I
-O—AI—
O
I
o
As the amount of basic oxides present
decreases, the lengths of the chains in-
crease. They branch and eventually ex-
tend into three dimensions, forming the
networks postulated by Zachariasen. 8
Silicon and aluminum atoms may form
units of the same chain or network. The
relation between the number of oxygen
atoms present and that of silicon and
aluminum atoms present will be called
the oxygen-silicon ratio. It is understood
that, in calculating this ratio, each alumi-
num atom is counted as a silicon atom.
For monomer ions, the oxygen-silicon
ratio would be 4; for chains of infinite
length, it would be 3; and for three-
dimensional networks of infinite extent,
it could be as low as 2.
The oxygen atoms, which act as bridges
between silicon or aluminum atoms, are
called shared oxygen atoms. The ratio
of shared to unshared oxygen atoms,
which will be called R
y is a measure of the
degree of polymerization. R is calculated
from the oxygen-silicon ratio, N> by
means of the relation (equation (7)).
R=(4 — N)/2(N—2) (7)
This relation is easily derived from con-
sideration of the situation of a central
8W. H. Zachariasen, "Atomic Arrangment in Glass,"
Jour. Amer. Chem. Soc, 54 [10] 3841-51 (1932); Ceram.
Abs. 12 T41 145 (1933).
silicon atom surrounded by 4 oxygen
atoms. Unclosed chains of n silicon
atoms, whether they be straight or
branched, have 2^ + 2 unshared oxygen
atoms and n — 1 shared oxygen atoms.
R approaches 0.5 as n approaches infinity.
Values of R > 0.5 would be associated
with cross linkage between chains.
Consideration of the electronic formula
of a polymeric ion containing aluminum
and silicon atoms indicates that the sub-
stitution of aluminum for silicon, atom
for atom, increases the negative valence
of a chain ion by one for each atom sub-
stituted without changing the length of
the chain. The reason, of course, for this
relation is that the aluminum atom has
only 3 electrons in its outer shell whereas
the silicon atom has 4. An aluminum-
bearing glass, therefore, should tolerate
more alkaline atoms than an all-silicate
glass and still have only slightly lower
viscosity than the all-silicate analog.
There is of course a limit to the amount of
alumina which can be substituted for
silica since all-aluminate glasses are not
known. A chain of aluminum atoms with
no silicon atoms would probably be un-
stable.
:0: :0: :0:-:0:
:b:Si:0:Si:'6:Al:'6:Si:'6:
" :0:" :0:" :"6:" :'6:"
The probability of a high percentage of
large particles (polymeric ions) would be
increased then by increasing the percent-
age of alumina and/or silica and de-
creased by increasing the percentage of
lime and/or magnesia. Magnesia might
be expected to be somewhat more
effective than lime due to the smaller
size of the magnesium ion.
The pattern of the system of isokoms
at constant temperature should be rela-
tively simple; that is, a system of lines
without sharp changes of direction which
at low and moderate viscosities would
roughly parallel the lines of constant
value of R.
The isokoms might be expected to vary
to a degree from parallelism with the
constant R lines. Qualitatively, this
variation should be related to the relative
amounts of lime and magnesia present.
Substituting MgO for lime should result
in lower viscosity so that on the high
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magnesia end of the constant R lines the
isokoms should depart from the R lines
to the left and on the low magnesia end
they should depart to the right. It must
be kept in mind, however, that an
equilibrium process is under consideration
in which the rates of polymerization and
depolymerization are important factors.
Some of these lines along which R is
constant are drawn on the triaxial dia-
grams of Fig. 4. The lines are roughly
parallel to the isokoms for low and moder-
ate values of the viscosity, but the fit is
not so good at higher viscosities. Figure
5 shows the variation of log viscosity with
R. The viscosities used are averages as
estimated from Fig. 4 along lines where
R is constant.
VIII. SUMMARY
The viscosities of those compositions in
the CaO-MgO-Al 2 3-Si0 2 system which
contain 40% Si0 2 and which are liquid at
1500°C. have been measured. The iso-
koms are roughly parallel to the lines
along which the ratio of acidic com-
ponents to basic components is constant.
A theory of the variation of viscosity with
composition based on the assumption of
polymeric silicate ions is proposed.
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